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The magnetic field driven superconductor to insulator transition in thin films is theoretically
understood in terms of the notion of vortex-charge duality symmetry. The manifestation of such
symmetry is the exchange of roles of current and voltage between the superconductor and the
insulator. While experimental evidence obtained from amorphous Indium Oxide films supported
such duality symmetry it is shown to be broken, counterintuitively, at low temperatures where the
insulating phase exhibits discontinuous current-voltage characteristics. Here, we demonstrate that
it is possible to effectively restore duality symmetry by driving the system beyond the discontinuity
into its high current, far from equilibrium, state.
The superconductor to insulator transition [1, 2] (SIT)
is an experimentally accessible quantum phase transi-
tion [3]. By varying an externally controlled parameter
in the Hamiltonian, a disordered superconducting thin
film can be driven between its superconducting and in-
sulating ground states [4–11]. Two decades ago Fisher
theoretically studied [12] a specific case in which an ap-
plied magnetic field (B) drives the SIT. At low B, the
induced Abrikosov vortices are localized by the disorder
and a superconducting state prevails. Upon increasing B,
Fisher found that the proliferation of vortices can result
in a Bose-Einstein condensation of the vortex state that,
in turn, leads to insulating behavior where the Cooper-
pairs are now localized [13–22]. The exchange of roles
between the Cooper-pairs and vortices across the transi-
tion is analyzed via a duality transformation applied to
the Hamiltonian [23].
Experimentally, vortex-charge duality will manifest it-
self via the exchange of roles of current (I) and voltage
(V ) between the superconductor and the insulator [24–
26]. Duality symmetry implies that, for a given resistance
(R ≡ V/I) measured at a given B = BSC in the super-
conductor, there exists a dual B = BIns in the insulator
where the conductivity (G ≡ I/V ) obeys the condition
G(BIns) = R(BSC). In previous publications [27, 28] we
found that our data follow a phenomenological, power-
law, form across the SIT:
R(B) = RC(
B
BC
)P (T ) (1)
where P (T ) ∼ 1T , BC is the critical B value of the SIT
and RC ' RQ = h4e2 [29]. This functional form is du-
ality symmetric: The equality G(BIns) = R(BSC) holds
whenever the condition BSC/BC = BC/BIns is fulfilled.
Counterintuitively, duality symmetry breaks down at
low temperatures (T ’s) [28]. This is most conveniently
illustrated through the deviations from the power-law de-
pendence, graphically shown in Figure 1. Interestingly,
these deviations appear only in the insulating side of the
SIT. In the superconducting side, the data continue to
follow the power-law dependence down to our lowest T ’s
[30].
Together with the appearance of deviations from dual-
ity symmetry, our insulator develops strongly non-linear
I − V characteristics (I − V ’s) [31]. At T . 0.2 K, ap-
plying a bias V above a well-defined V = Vth (which
is a function of both B and T ), results in a discontinu-
ous increase, of several orders of magnitude, in I. Upon
reducing V , a discontinuous decrease in I is observed re-
covering previous I values (see, for example, the 0.05 K
data in Inset (b) of Figure 1 where a I discontinuity is
visible at V ≈ 7.5 mV).
These discontinuities, initially associated with a new
and exotic superinsulating phase [32], were later theoret-
ically linked [33] to a bi-stability of the electronic tem-
perature (Tel). Assuming: 1. Weak electron-phonon cou-
pling, 2. Strong electron-electron interactions enabling
self-thermalization to a well-defined Tel, 3. The Ohmic
R demonstrating insulating behavior, and 4. Linearity
of the intrinsic I − V ’s, whereby all deviations from lin-
earity are associated with electron heating, Altshuler et
al. [33] numerically solved the heat-balance equation
P ∝ T βel − T β and showed that Tel can, at low enough
T , either be near equilibrium, or at a significantly higher
T than that of the host lattice resulting in a far from
thermodynamic equilibrium, high I state. Several exper-
imental results [34–36] support this approach. In what
follows we will refer to the low I (V < Vth), near equilib-
rium, regime as the high R (HR) state, and to the high I
(V > Vth), out-of-equilibrium, regime as the low R (LR)
state.
We begin by following the low-T evolution of the break-
down of duality symmetry in one of our amorphous In-
dium Oxide (a:InO) films, GTIT1 [37]. In Figure 1 we
plot R/RC vs. B/BC , measured between 0.05-0.5 K,
utilizing a 4-terminal Lock-In configuration (solid lines).
We adopted a log-log graph to emphasize the power-law
dependence of our data in accordance with Eq. 1. The
dashed lines are extensions, to the insulating phase, of
power-law fits done in a range limited to the supercon-
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2FIG. 1. (Color) Duality symmetry and its breakdown.
R/RC vs. B/BC (solid lines) measured at 0.05-0.5 K adopt-
ing a log-log graph. The dashed lines are power-law fits (in
accordance with Eq. 1), in a range limited to the supercon-
ducting region, that are extended to the insulator. Deviations
from the duality symmetry are indicated by arrows and are
only observed in the insulating phase, resulting in a more re-
sistive behavior. R/RC ’s extrapolated from full I − V ’s are
shown for T =0.05, 0.2 K data (circles). R values are nor-
malized with respect to RC = 6.2 ± 0.6 kΩ. Note that de-
viations from duality symmetry at T =0.05 K exceeds three
orders-of-magnitude. Inset (a): B value of 3% deviation from
duality symmetry (B3%) vs T . The horizontal dashed line
indicates BC = 0.7 T. (b): I vs V measured at B = 1.75 T
and T = 0.05, 0.2 K (”+” and ”X”, respectively). The black
dashed lines represent linear extrapolation to V = 0.
ducting phase. Deviations from the power-law depen-
dence (indicated by arrows) and, consequently, from du-
ality symmetry are observed only in the insulating phase,
leading to higher R’s than those expected from duality
symmetry. As T is reduced, the starting point of these
deviations approach BC (see Inset (a) of Figure 1) and
the deviations’ magnitude increases. This trend becomes
much more severe if we recall that standard 4-terminal
measurements fail in the presence of non-linearities typi-
cal of insulators at low-T ’s. This is apparent as we plot,
alongside the 4-terminal data, R’s (normalized by RC)
evaluated from full I−V ’s (circles). We note that, when-
ever the I − V ’s are linear, the two measurement tech-
niques are in agreement (0.2 K data in Figure 1 (b)).
The severe breakdown of duality symmetry accompa-
nies a transition to an insulating state that exhibits an
unusual T -dependence. The significant upward devia-
tions of our measured R’s reveal faster than activated
behavior. This is supported by direct R vs. T (R(T ))
measurements, in the insulating phase, near the SIT [38]
where we showed that the R(T )’s not only exceeds acti-
vation, but seem to approach R =∞ at a finite T .
We now show how duality symmetry is restored by
driving the system into the LR, out-of-equilibrium, state.
This is demonstrated in Figure 2 where we plot R/RC
vs. B/BC measured in the superconducting phase (solid
line), extended to the insulating phase via fitting to a
power-law (dashed blue line). Both R, which was mea-
sured at zero bias V , and the fit are shifted to V/Vth = 1.
In the insulating phase we superimpose the discontinuous
V/I (≡ R [39], normalized by RC) data measured at con-
stant B’s while decreasing V (black circles). Both R and
R are measured at T = 0.02 K [40]. In the LR (V > Vth),
out-of-equilibrium, state, R gradually increases as we de-
crease V up to a maximum value measured at V = V +th .
The values R(V +th) (measured in the LR state), indicated
by yellow diamonds, coincides with the extended power-
law fit of the superconducting data up to 3 times BC ,
restoring duality symmetry. Due to the discontinuous
nature of the I − V ’s, any further reduction of the ap-
plied V will result in a transition to the HR state and an
orders of magnitude increase in R. We note, that at rela-
tively low B’s, R(V +th) is not consistent with R expected
from duality symmetry. We attribute such deviations to
the sensitivity of the HR branch near BC discussed in
Ref [41].
The restoration of duality symmetry can not be ac-
commodated within currently available theoretical mod-
els. Duality symmetry, inherent to the superinsulating
model [32], is predicted for Ohmic transport at V < Vth,
while we observe the opposite. Adopting the over-heated
electrons framework [33] also leads to an apparent con-
tradiction. As we have shown above, duality symmetry is
most clearly evident in isotherms of R(B), which follow
a power-law (Figure 1). Since the power-law is effec-
tively restored immediately following the jump it seems
reasonable that, at V = V +th , Tel(V
+
th) = T . This is con-
tradictory to the over-heated electrons framework where
we expect that driving the system beyond Vth into the
LR state induces a significant increase of Tel with respect
to T [33], resulting in Tel(V +th) >> T . If we adopt a view
where data following the power-law R(B) is necessarily
isothermal, we have to conclude that R(V < V −th ), which
is much greater than R(V > V +th), is more reasonably
seen as being at Tel < T , as if the electronic system had
condensed into a reduced-entropy state. This possibility
calls for more experimental and theoretical studies.
Aside from duality symmetry, another analogy can be
made between the LR, out-of-equilibrium, state and the
superconducting phase: at low T ’s, R becomes weakly
T -dependent. In the LR state, this T -dependence was
previously discussed in Ref. [33]. In the superconducting
phase, the experimental data deviates from the expected
behavior of P (T ) ∝ 1/T [27] (introduced in Eq. 1), and
3FIG. 2. Non-equilibrium restoration of duality symme-
try. Log-log plot of R/RC vs B/BC measured at T = 0.02
K in the superconducting phase (solid line, right to the blue
plane) and a power-law fit extended into the insulating phase
(dashed line, left to the blue plane). Both R and the fit, which
where measured at zero bias V , are shifted to V/Vth = 1. Su-
perimposed are data of R/RC vs V measured at constant B’s
and T = 0.02 K (black circles). The yellow diamonds mark
R(V +th)/RC .
exhibits a more elaborate T -dependence. This observa-
tion is in compliance with recent reports of a possible
metallic state intervening between the superconducting
and insulating phases of disordered superconductors [42–
47]. While at high T ’s P (T ) ∼ 1T , fitting the full range
of our data reveals a different dependence
P (T ) = T0
T + θ (2)
where both θ and T0 are sample dependent parameters.
In Figure 3 we plot P−1 vs T , for several different a:InO
samples varying in size and disorder, visualizing the non-
zero crossing of P−1 at T = 0. The color scale represent
BC of each sample from 7.1 T in red to 0.4 T in purple.
P is extracted by fitting R(B) data measured at the su-
perconducting phase with a power-law. From the data
we obtained T0 and θ which are plotted in the inset of
the figure as a function of BC . Consequently, one ob-
serves a weak R(T ) dependence whenever T . θ. We
are not aware of any theoretical prediction of such func-
tional behavior. Interestingly, a similar phenomenon was
reported in the past near the quantum Hall-to-insulator
transitions [48]. A broader discussion regarding this be-
havior will follow in an upcoming publication.
In summary, we showed that the duality symmetry, ob-
served at T ≥ 0.5 K, does not describe the low T physics
of the B driven insulating phase bordering the SIT and
that experimental evidence point to the existence of a
FIG. 3. Power Law T dependence. P−1 vs T for several
samples varying in size and disorder. P is extracted by fitting
R(B)’s measured at different T ’s, in a range limited to the
superconducting region, with a power law. The color scale
represent BC of each sample from 7.1 T in red to 0.4 T in
purple. Inset: T0 and θ vs BC calculated by a linear fit of the
data in the main figure (see Eq. 2).
unique low T ’s insulating phase. The physical nature be-
hind this state is not yet understood and awaits further
research. We also showed that this state is fragile and
that duality symmetry, which is related to the contin-
uation of the superconducting phase into the bordering
insulating phase, can be restored at low T ’s by driving
the system out of equilibrium. The restoration of duality
may point to an intriguing interplay between the insulat-
ing behavior at high T ’s and the LR, out-of-equilibrium,
state measured at low T ’s.
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